Background {#Sec1}
==========

In addition to initiation, transcription termination represents the other essential "punctuation marks" for DNA transcription and, hence, an important regulatory step of gene expression. In bacteria, the DNA transcription can terminate through two different mechanisms: the Rho-independent or "intrinsic" termination and the Rho-dependent termination \[[@CR1]\]. Intrinsic terminators are characterized by an RNA structure having a GC-rich hairpin immediately followed by a stretch of 6--8 uridine residues \[[@CR1], [@CR2]\], while Rho-dependent terminators rely upon the interaction of a protein called Rho with the RNA Polymerase (RNAP) \[[@CR1], [@CR3]--[@CR5]\]. Bacterial Rho is a hexameric RNA-DNA helicase that serves as a general bacterial transcription termination factor \[[@CR5], [@CR6]\]. Rho binds preferentially to unstructured and ribosome-free C-rich and G-poor nascent RNA, of at least 70--80 nt, with regularly spaced cytosines \[[@CR1], [@CR3], [@CR5], [@CR7]\]. This site is known as the Rho utilization site (the so-called RUT site). The depletion of G within a natural RUT site minimizes the formation of potentially interfering secondary structures, which generally inhibit Rho binding \[[@CR1], [@CR8]--[@CR10]\].

After the binding with the RUT site, Rho traverses RNA in the 5′ to 3′ direction via RNA-dependent ATP hydrolysis, all the while threading RNA through its central cavity \[[@CR3], [@CR5], [@CR6], [@CR8]--[@CR10]\]. According to a widely accepted model, Rho catches up to the elongation complex by translocating along the nascent transcript and, at certain pausing sites, dissolves the elongation complex by pulling out the transcript \[[@CR1], [@CR3], [@CR4], [@CR6], [@CR11]\]. Allosteric interactions between Rho and RNAP facilitating catalytic inactivation and eventual dissociation of the elongation complex have been also more recently proposed \[[@CR11], [@CR12]\]. The site of termination is typically within a window of 10--20 nt downstream of the RUT site \[[@CR1], [@CR13]\], and it is rarely more than 100 nt downstream.

Over the past decade, a lot of studies, performed in several bacterial species, have established the importance of Rho in gene regulation and its conserved role in the enforcement of transcription-translation coupling, by interrupting transcription of untranslated mRNAs \[[@CR14]--[@CR16]\]. Furthermore, in *Escherichia coli*, *Bacillus subtilis*, *Staphylococcus aureus*, and *Mycobacterium tuberculosis* an important role of Rho in suppression of pervasive, primarily antisense transcription was demonstrated \[[@CR17]--[@CR20]\]. Complete or even partial inactivation of Rho in these bacterial species causes widespread transcription originating from cryptic promoters and read-through of transcription terminators \[[@CR21]\].

Intrinsic terminators can be identified using bioinformatics approaches with on line algorithms/tools. Among them, currently available and most performing tools for prokaryote intrinsic terminator prediction include TransTermHP \[[@CR22]\], RNIE \[[@CR23]\], the commercial program Softberry's FindTerm \[[@CR24]\] and ARNold \[[@CR25]\]. Conversely, Rho-dependent terminators have so far proved difficult to predict computationally because the sequence features required for the function of Rho are complex and poorly defined, in contrast to intrinsic terminators features \[[@CR1]\]. In fact, only recently the first prediction model for Rho-dependent termination of transcription was proposed \[[@CR26]\], but it was designed specifically for predicting only RUT sites, omitting the presence of RNAP pausing sites where Rho induces RNAP release from RNA. Hence at the moment, other Rho-dependent terminators prediction programs that take into account all the steps of the Rho-dependent transcription termination have not yet been created.

Rho is very often present in bacterial genomes and the basic principles of Rho-dependent-termination are conserved across species, despite some structural differences between Rho proteins \[[@CR21]\]. About 20--30% of the transcription terminators identified in bacterial genomes are Rho-dependent, even about half in *E. coli* \[[@CR3]\]. For this reason the implementation of an algorithm for the prediction of terminators mediated by Rho factor could be certainly very useful.

In this study we introduce RhoTermPredict, a novel algorithm for the prediction of transcriptional Rho-dependent terminators in *E. coli*, *B. subtilis*, *Salmonella enterica* and eventually other bacterial genomes. RhoTermPredict is the first program implemented for an exhaustive search of Rho-dependent terminators, which functions in two steps to specifically identify this type of transcription termination sites within a genome sequence. Our aim was to create a program for the prediction of such elements in a prokaryotic genome based on a conserved structured motifs search, in a similar way to our previous work regarding the promoter prediction algorithm G4PromFinder \[[@CR27]\]. This novel algorithm searches for proposed C \> G content RNA motif \[[@CR1], [@CR5], [@CR9], [@CR28]\] as possible C-rich element in Rho-dependent transcription terminators, followed by a possible pause site for RNAP. We tested RhoTermPredict performances by using available genomic and transcriptomic data of the model microorganism *E. coli* K-12 and a list of Rho-dependent terminators obtained by \[[@CR18]\]. In order to estimate the degree of overlap between Rho-dependent and intrinsic terminators predictions, we also run one of the currently available tools for bacterial intrinsic terminators prediction on the same sets of *E. coli* K-12 genome used for the development of RhoTermPredict. We decided to use ARNold tool \[[@CR29]\] because it is, at the moment, the only freely accessible online tool very simple to use, available for finding intrinsic terminators in a raw DNA/ RNA sequence \[[@CR25]\]. ARNold searches for intrinsic terminators using two complementary programs, Erpin \[[@CR30]\] and RNAmotif \[[@CR31]\]. ARNold takes as input DNA or RNA sequences in fasta format and provides as output the 5′ end position of predicted transcription terminator, the strand, the terminator sequence and the free energy of stem-loop region. In addition to *E. coli* K-12, we tested RhoTermPredict on some available genome sequences from *B. subtilis* 168 \[[@CR17]\] and *S. enterica* LT2 \[[@CR26]\].

The RhoTermPredict algorithm described in this study is available from: <https://github.com/MarcoDiSalvo90/RhoTermPredict>.

Implementation {#Sec2}
==============

Programming language and data sets {#Sec3}
----------------------------------

RhoTermPredict algorithm was written in the Python (v.3.6) language \[[@CR32]\], and requires libraries BioPython, numpy, re and openpyxl. It accepts as input bacterial genome sequences, and provides as output the coordinates of putative Rho-dependent terminators elements (RUT and RNAP pause sites) with a score assigned to them that indicates the probability that the extracted region actually corresponds to a Rho-dependent terminator (see below for the scoring assignment method). For Rho-dependent terminator predictions, we used available genomic sequences of the model microorganism *E. coli* K-12 substr. MG1655 (National Center for Biotechnology Information, accession code NC_000913.3) (see below). For the prediction quality evaluation, we used *E. coli* K-12 genomic annotation \[[@CR33]\] together with relative RNA-Seq data (see below) and a list of Rho-dependent transcription terminators obtained by \[[@CR18]\] (see below). In addition to *E. coli* K-12, with the purpose of evaluating the algorithm performances on other bacterial genomes, we run RhoTermPredict on genome sequences from *B. subtilis* 168 (NC_000964.3) \[[@CR17]\]. In fact, although the transcription termination mechanisms in *B. subtilis* have remained poorly defined for a long time, recently the action of Rho has been verified in it \[[@CR17], [@CR21]\]. The procedure to search for putative Rho-dependent terminators is reported below.

Procedure to search for putative rho-dependent terminators {#Sec4}
----------------------------------------------------------

RhoTermPredict actually searches for some mandatory elements (putative RUT and RNAP pause sites) and for other optional elements whose presence could increase the prediction score. RhoTermPredict search is not based on "nucleotide sequence homology", but rather on "conserved motifs in the nucleotide sequences", and these motifs were inferred from literature data on RUT sites and on RNA Polymerase pausing sites. In fact, a consensus motif common to all Rho-dependent transcription terminators has been previously proposed in *E. coli* and *S. enterica* \[[@CR5], [@CR9], [@CR28]\].

On that basis, we elaborated the following two-step procedure to detect Rho-dependent terminators (Fig. [1](#Fig1){ref-type="fig"}): i.) The first step is the identification of the putative "RUT site". To do this, the algorithm scans a window of 78 nt over the query sequence, one nt at a time, until the C/G ratio of the window exceeds the threshold value of 1 and with regularly spaced cytosine residues within the window (every 11--13 nt). Then, by scanning a window of 128 nt (starting from the previous position where the C/G content of the window reached a value \> 1), the 78 nt long region with maximal C/G content and with regularly spaced cytosine residues (herein referred to as RUT site) is selected. Therefore RhoTermPredict searches for a putative 78 nt long RUT site characterized by a maximal C/G content (in any case greater than 1) localized in a 128 nt long region (128 stands for 78 + 50: 78 is the extension of the RUT site, 50 an arbitrary value chosen to maximize the C/G content of the RUT site). This consensus motif and its extension (78 nt) fit well with structural and functional properties of Rho hexamer and its interaction with C-rich RNA sequences at the level of its primary RNA binding domain \[[@CR5], [@CR34]--[@CR36]\]. This binding leads to the positioning of the RNA into the secondary RNA binding domain, which in turn activates the ATPase for its translocase/RNA--DNA helicase functions \[[@CR6], [@CR37]\]. ii.) The second step is the identification of a putative pause site for RNAP in a region extended up to 150 nt downstream from the 3′-end of the selected RUT site. The RNAP pause sites searched were hairpin structures \[[@CR38], [@CR39]\] (with a GC-rich stem and a loop constituted by 4--8 nt). Alternatively to hairpin structures, in the same 150 nt long region, we considered as putative RNAP pause site the presence of the consensus pause-inducing sequence element G~− 11~G~− 10~(C/T)~− 1~G~+ 1~ (where −1 corresponds to the position of the RNA 3′ end) identified by \[[@CR40], [@CR41]\]. However, the presence of the previous element close to a putative hairpin structure (precisely within the hairpin structure extended up to 5 nt upstream from its 5′ end and 5 nt downstream from its 3′ end) provides a higher score to the prediction.Fig. 1Method used for the prediction of putative Rho-dependent terminators. The adopted procedure is constituted by 2 steps: i) the identification of the RUT site and ii) the identification of the RNAP pausing site in a 150 nt long region immediately downstream from the predicted RUT site 3′

RhoTermPredict also allows to predict multiple putative terminators in a single query region, and to search for terminators in both strands.

Procedure for rho-dependent terminator scoring assignment {#Sec5}
---------------------------------------------------------

The maximum score that could be assigned by our algorithm to a terminator prediction is 15, while the minimum is 6 (a minimum of 3 point for the RUT site and also a minimum of 3 points for a pause site). An addition of 1 point is assigned if the C/G ratio of RUT site \> 1.25, of 2 points if such ratio \> 1.5, of 3 if \> 2. Regarding to the hairpin structure as predicted pause site, an other point is attributed if the GC-content of the hairpin stem is \> whole genome GC-content + 10, instead 2 points if it is \> whole genome GC-content + 20 (because it is known that the hairpin stem is GC-rich) while an extra 0.5 point it is assigned if the hairpin loop length is \< 6 nt or if the hairpin stem length \> 4. Finally 3 extra points are assigned if the consensus pause-inducing sequence element G~−11~G~− 10~(C/T)~−1~G~+ 1~ is present near the putative hairpin pause site.

Dataset of rho-dependent terminators, and construction of positive and negative sequence datasets {#Sec6}
-------------------------------------------------------------------------------------------------

To test the reliability of RhoTermPredict predictions we used a total of 1264 regions containing Rho-dependent termination sites (defined as "BCM significant transcripts", BSTs) obtained by \[[@CR18]\] growing up the microorganism *E. coli* K-12 with or without the specific Rho inhibitor bicyclomycin at a concentration that reduces Rho function without affecting the rate of cell growth. Therefore a differential expression of these BSTs regions indicates the presence of a Rho-dependent transcription terminator.

Starting from the genome of *E. coli* K-12 (NC_000913.3) and the just-indicated BSTs regions, we generated a Rho-dependent terminator set (positive set) consisting of 300 nt long sequences immediately upstream all the BSTs regions. The positive set consisted of 1264 sequences. Instead, we constructed the negative set with all the intergenic regions (IRs) \< = 300 nt and \> = 200 nt in length in which terminators were not expected. To do this, we considered all the IRs that separated two divergently oriented coding sequences (CDSs). The negative set consisted of 195 sequences.

For *B. subtilis* 168 we produced a positive and a negative set of sequences in the same way as for *E. coli* K-12. In this case, the positive set was represented by 34, 300 nt-long, sequences that were immediately upstream from the genomic regions, obtained by \[[@CR17]\], relative to extended mRNAs in the mutant strain of *B. subtilis* 168 lacking the termination factor Rho. As for *E. coli* K-12, as a negative set of sequences we considered all the IRs \< = 300 nt and \> = 200 nt in length separating two divergently oriented CDSs. For *B. subtilis* 168, the negative set consisted of 149 sequences.

Estimation of RhoTermPredict performances {#Sec7}
-----------------------------------------
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where TP = True positives, FP = False positives, FN = False negatives and TN = True negatives.

We considered as either true positive (TP) or false positive (FP) any sequences of either the positive or the negative set in which the algorithm predicted a terminator, respectively. Importantly, at most one TP was considered for each sequence of the positive set. We considered as either true negative (TN) or false negative (FN) any sequences of either the negative or the positive set in which the algorithm did not predict any terminator, respectively.

RNA-sequencing, reads mapping quality assessment {#Sec8}
------------------------------------------------

Ribosomal RNAs were depleted using RiboZero Gram negative kit (Epicentre,Illumina) and strand-specific sequencing libraries were constructed using the ScriptSeqTM v2 RNAseq library preparation kit. After that, the purified cDNA library was sequenced on an Illumina GAIIx/Solexa or MiSeq platform (Illumina, San Diego, CA) with 76-bp paired-end reads. The BAM files for each condition analysed are publicly available at Sequence Reads Archive (SRA) under accession number BioProject PRJNA483864. Alignment to the reference strain of *E. coli* K-12 genome (Ref Seq NC_000913) was done using bowtie2 (with sensitive options, corresponding to -D 15 -R 2 -L 22 -i S,1,1.15; see the Bowtie2 manual for the explanation of the flags --D,-R,-L,S, <http://bowtie-bio.sourceforge.net/bowtie2/manual.shtml#reporting>). Evaluation of strand specificity and gene coverage was performed using BEDTools (v2.20.1) and SAMtools (v0.1.19). Wig files were generated from the aligned BAM files by using BEDTools (v2.20.1). To avoid bias caused by multi-mapping reads the non-deterministic option and end-to-end mode were used to force a single assignment of multi-mapping reads to the best scoring region (if present) or in the case of regions with identical scores reads were randomly assigned. Mapped reads with MAPQ (mapping quality) greater than 30 were analyzed to determine the read counts per protein-coding gene.

Genome-wide analysis and validation with RNA-Seq data {#Sec9}
-----------------------------------------------------

We also run RhoTermPredict on the whole genome of *E. coli* K-12 to test its genome-wide predictive performances. To validate these predictions, we used the RNA-Seq data above described. We considered the predicted regions as putative Rho-dependent terminators if they were in positions in which there was a negative transcription gradient in RNA-Seq data, as suggested in other works \[[@CR17], [@CR21]\].

Precisely, we considered, in this case, a prediction as TP if there was a decrease of read value by a factor of at least 1.5 between the read value at the putative RUT site 5′-end point and the read count value 150 nt downstream from putative RUT site 3′-end point (hence after the putative RNAP pause site), the first with a read count value ≥10. We considered this constraint in order to analyze only the predictions near an expressed DNA region in the RNA-Seq data. In fact, a prediction close to a not-expressed DNA region could be incorrectly considered as a FP.

Results {#Sec10}
=======

In this study we used as data sources: i.) the available genome sequences of *E. coli* K-12 \[[@CR33]\] for Rho-dependent terminator prediction; ii) the BSTs regions obtained by \[[@CR18]\] (see Implementation section) and RNA-Seq data (this study) for terminator prediction validation. The complete genome of *E. coli* K-12 has a GC-content of 50.79%, and consists of putative 4518 genes. The results obtained are shown below. Moreover, we decided to test RhoTermPredict also on genome sequences of *B. subtilis* 168 in order to analyze RhoTermPredict performances on another genome different from *E. coli* K-12.

Rho-dependent terminators prediction by RhoTermPredict in *E. coli* K-12 and evaluation {#Sec11}
---------------------------------------------------------------------------------------

Table [1](#Tab1){ref-type="table"} summarizes statistics of putative Rho-dependent terminators that were predicted by RhoTermPredict in the positive set. All predicted terminators without any limitation on the prediction score were taken into account. In the positive set of sequences, the algorithm predicted putative terminators in most (64.5%) of the analyzed regions (Table [1](#Tab1){ref-type="table"}). A total of 1064 putative terminators were predicted. Multiple putative terminators were sometime associated with single sequences of the positive set. In particular, in 17.2% of examined regions, more than one predicted terminator could be found within the 300 nt of the positive set of sequences. In Fig. [2](#Fig2){ref-type="fig"} we show the distributions of C/G content of predicted RUT sites terminators (the mean value is 1.6, as reported in Table [1](#Tab1){ref-type="table"}), while in Fig. [3](#Fig3){ref-type="fig"} we show the distributions of distances occurring between the 3′-end points of Rho-dependent terminators RUT sites and the 5′ end points of relative annotated BST regions.Table 1Statistics of predicted Rho-dependent terminators in the *E.coli* K-12 genome sequences of the positive set by RhoTermPredict algorithmPositive dataset sizeRegions with at least one prediction (%)Regions with more predictions (%)Total number of predictionsMean C/G content of RUT site126464.517.210641.6Fig. 2Distribution of C/G content of predicted terminators RUT sitesFig. 3Distribution of predicted Rho-dependent terminators RUT sites in *E. coli* K-12 as a function of their distance from the BST regions. Predicted Rho-dependent terminators are grouped based on distances between the RUT site 3′-end points and the annotated BST regions 5′-end points

Then we evaluated RhoTermPredict performances on terminator prediction using a positive set of sequences including the 300 nt long regions immediately upstream of all the BSTs regions, and a negative set of sequences represented by IRs of *E. coli* K-12 genome, located between two divergently oriented CDSs with length between 200 and 300 nt (see Implementation section for details). To use without bias the positive and negative sequence datasets, which originally did not have the same size, we randomly selected 195 sequences (negative set size) of the positive sets, and performed the tests 10 times with different series of randomly selected sequences to obtain mean values (Table [2](#Tab2){ref-type="table"}, columns 1 and 2). In this way, we used a positive and a negative set having the same size. We also reported in Table [2](#Tab2){ref-type="table"} the results, obtained in the same positive and negative sets, by ARNold Rho-independent terminators prediction tool \[[@CR25], [@CR29]\]. We saw RhoTermPredict well performing with the analyzed genome. The F~1~-score with our algorithm was about 0.7, recall was 65.6%, precision was 73.6% and, finally, specificity and accuracy were, respectively, 76.4 and 71.0% (Table [2](#Tab2){ref-type="table"}). As expected, ARNold, being an intrinsic terminators prediction tool, was not performing in the prediction of terminators in genomic regions where Rho-dependent terminators were expected (F~1~-score very low, about 0.1, Table [2](#Tab2){ref-type="table"}). Therefore the degree of overlap between RhoTermPredict and ARNold predictions (and, hence, between Rho-dependent and intrinsic terminators) in the previous regions was very low.Table 2Testing results of RhoTermPredict and performances of the Rho-independent terminators tool ARNold^a^ in the positive and negative set of sequencesToolTPFNFPTNPrecision (%)Recall (%)Specificity (%)Accuracy (%)F~1~-scoreRhoTermPredict128674614973.665.676.471.00.7ARNold111841917636.75.690.348.00.1^a^Test experiments were repeated 10 times for 195 randomly selected sequences of positive sets of *E. coli* K-12, and the means were taken

Genome-wide analysis in *E. coli* K-12 {#Sec12}
--------------------------------------

We evaluated RhoTermPredict performances not only with sequences of limited length, but also with the whole genome sequence of *E. coli* K-12. Definitely, we performed a genome-wide analysis, in order to assess if RhoTermPredict is only performing with sequences of limited length or even with whole genomes. Overall, RhoTermPredict predicted a total of 23,930 (839 in IRs) putative Rho-dependent terminators (Additional files [1](#MOESM1){ref-type="media"} and [2](#MOESM2){ref-type="media"}) in the *E. coli* K-12 genome (Table [3](#Tab3){ref-type="table"}). Of these, only 7200 (319 in IRs) were next to transcribed DNA regions that we used for the genome-wide prediction validation (see Implementation section). Precisely, Rho-dependent terminator predictions were validated by RNA-Seq data at a percentage of 62.4% (70.5% in IRs). In Fig. [4](#Fig4){ref-type="fig"} we show the distribution of the read values ratios between the two ends (see Implementation section for details) of validated predictions (the mean value was about 11.8). We could see the read value ratios as a measure of the terminator strength.Table 3Statistics of predicted Rho-dependent terminators in the *E. coli* K-12 whole-genome and IRs by RhoTermPredict algorithm and evaluation with RNA-Seq dataDatasetTotal number of predictionsPredictions next to expressed DNA regionsValidated predictions (%)Whole genome23,930720062.4IRs83931970.5Fig. 4Distribution of RNA-Seq read values ratios between the read value of putative RUT site 5′-end point and the read value 150 nt downstream from putative RUT site 3′-end point of validated genome-wide predictions

As there is evidence that termination efficiency at the level of Rho-dependent terminators may depend on a number of factors such as intrinsic characteristics of the RUT site, C/G ratio and kinetic coupling between RNA polymerase and Rho \[[@CR9], [@CR28], [@CR42]--[@CR44]\], we performed correlation analysis between the previous RNA-Seq read value ratios and C/G ratios at the level of the putative RUT site of Rho-dependent terminators that were identified by the algorithm (Additional file [3](#MOESM3){ref-type="media"}: Figure S1). The analysis revealed no strong correlation between C/G ratio and RNA-Seq read value ratios, but, interestingly, all the read value ratios \> 100 (precisely 46) were obtained for putative RUT sites with a C/G content \< 2.The mean value of the read value ratios for predictions with a RUT site C/G content \< 2 was about 12.1, 7.9 for predictions with a RUT site C/G content \> = 2. This finding was quite unexpected and could bring new mechanistic information.

Evaluation of overlap's degree between RhoTermPredict and ARNold genome-wide predictions {#Sec13}
----------------------------------------------------------------------------------------

In order to have a further demonstration that RhoTermPredict algorithm is specific on searching for Rho-dependent terminators, we evaluated the overlap's degree between RhoTermPredict and ARNold genome-wide predictions with the *E. coli* K-12 genome. For this analysis, we considered all the 23,930 genome-wide predictions of RhoTermPredict (Additional file [1](#MOESM1){ref-type="media"}). ARNold tool, instead, predicted a total of 3190 putative intrinsic terminators in the same whole genome. We considered a RhoTermPredict prediction overlapping with an ARNold prediction if they were within 50 nt from each other. 50 nt is an arbitrary value that we used because two predicted terminators that are within 50 nt from each other may actually represent the same element especially if we consider that the transcription termination is often heterogeneous \[[@CR26]\]. Overall, we obtained a total of 751 overlapping predictions of the two programs, i.e. about 23% of ARNold predictions overlapped with a RhoTermPredict prediction. However, some degree of overlapping is expected due to the frequent occurrence of hairpin structure(s) downstream of RUT sites.

Rho-dependent terminators prediction by RhoTermPredict in *B. subtilis* 168 and evaluation {#Sec14}
------------------------------------------------------------------------------------------

The results obtained by RhoTermPredict and ARNold for the genomic regions of the positive and the negative set of *B. subtilis* 168 were reported in Table [4](#Tab4){ref-type="table"}. As for *E. coli* K-12, we decided to use a positive and a negative set with the same size, to fairly compare them. In fact the original size of the positive and the negative set was, respectively, 34 and 149 (see Implementation). With this aim, we randomly selected 34 regions (positive set size) of the negative set, and we repeated the testing 10 times on different series of randomly selected sequences to obtain the mean values reported in Table [4](#Tab4){ref-type="table"}. In this way, we used a positive and a negative set having the same size.Table 4Testing results of RhoTermPredict and performances of the Rho-independent terminators tool ARNold in the positive and negative set of sequences of *B. subtilis* 168^a^ToolTPFNFPTNPrecision (%)Recall (%)Specificity (%)Accuracy (%)F~1~-scoreRhoTermPredict171752977.350.085.367.50.6ARNold43013380.011.897.054.40.2^a^Test experiments were repeated 10 times for 34 randomly selected sequences of negative sets of *B. subtilis* 168 (in order to have a positive and a negative set of the same size), and the means were taken

The F~1~-score obtained by RhoTermPredict was 0.6, lower than that obtained for *E. coli* K-12. Precision, accuracy and specificity were high, while recall was only 50%. Nevertheless we could conclude that the performances of RhoTermPredict with the genomic sequences of *B. subtilis* 168 were good, taking into account that RhoTermPredict is the first reported tool to be able to perform this analysis on a single pipeline. Furthermore, also in genomic regions of *B. subtilis* 168 in which Rho-dependent terminators were expected, ARNold tool was not performing (F~1~-score 0.2, Table [4](#Tab4){ref-type="table"}).

Discussion {#Sec15}
==========

In this study we investigated the possibility to identify Rho-dependent terminator elements through the detection of canonical features previously identified in this class of terminators \[[@CR5], [@CR9], [@CR28]\]. We introduced RhoTermPredict, a novel algorithm that predicts putative Rho-dependent transcription terminators based on three indispensable features: i.) 78-nt long RUT site with C \> G content and ii.) cytosine spacing (every 11--13 nt); iii.) a possible pausing site for RNAP, precisely hairpin structures, downstream from the putative RUT site. The evaluation of RhoTermPredict performances on *E. coli* K-12 and *B. subtilis* 168 genomes showed that it could be a powerful tool on predicting Rho-dependent terminators. In fact, by using the positive and the negative set of sequences (see Implementation section for details), the F~1~-scores obtained were about 0.7 and 0.6 (Tables [2](#Tab2){ref-type="table"} and [4](#Tab4){ref-type="table"}), an excellent result taking into account the difficulty of the problem and that RhoTermPredict is the first published algorithm for the prediction of Rho-dependent terminators in a complete way.

In order to have a further demonstration of RhoTermPredict efficacy, we tested it also on the 104 genomic sequences of *E. coli* K-12 substr. MG1655 (U00096.3) (54 sequences) and *S. enterica* LT2 (NC 003197.1) (50 sequences) used by \[[@CR26]\] (mean length \> 500 nt). These sequences were divided into the 3 classes "None" (32 genomic sequences), "Weak" (38 genomic sequences) and "Strong" (34 genomic sequences) based on the results of the transcription termination experiments, i.e. on the visual changes in the transcription profiles induced by Rho \[[@CR26]\]. Class "None" refers to a no action of Rho in the transcription termination experiments; class "Weak" for a weak action of Rho and, finally, class "Strong" for a strong action of Rho. The total number of sequences of the classes "None", "Weak" and "Strong" in which RhoTermPredict predicted at least one putative Rho-dependent terminator were, respectively, 3/32 (about 9%), 25/38 (about 66%) and 30/34 (about 89%). From this analysis it is clear that RhoTermPredict has a high specificity-value because the FP% rate was only the 9%, while it is more sensitive the stronger is the action of Rho.

Also in the genome-wide analysis we observed good performances for RhoTermPredict. In fact the majority of obtained predictions in the whole genome of *E. coli* K-12 were in regions in which there is a negative gradient of read count value by RNA-Seq data, especially for predictions in IRs, where the percentage of validated predictions was about 70.5 (about 62.4% for all predictions) (Table [3](#Tab3){ref-type="table"}). These good results indicated that RhoTermPredict could also be seen as a genome-wide predictor. It should be noticed that transcriptional gradients are impacted by nutritional conditions that may affect translation/transcription coupling and, as a consequence, premature Rho-dependent transcription termination \[[@CR10]\]. However, these effects should not be relevant to our analysis since they would generate, at most, an underestimation of the actual number of Rho-dependent transcription terminators.

Our analysis also provided us with the opportunity to analyze, on a genomic scale, a number of features of the putative Rho-dependent terminators. No strong correlation was observed between C/G ratio and RNA-Seq read value ratio but, intriguingly, all the read value ratios \> 100 were obtained for C/G ratios \< 2 (Table [4](#Tab4){ref-type="table"} and Additional file [3](#MOESM3){ref-type="media"}). This finding could apparently indicate that features such as high C/G ratio and, hence, lowly structured RUT site are not necessarily correlated with termination efficiency, consistently with in vitro results indicating that termination efficiency at a Rho-dependent terminator is an inverse function of the rate of elongation of RNA polymerase \[[@CR44]\], and with both in vitro and in vivo results demonstrating that the efficiency depends on kinetic coupling between RNA polymerase and Rho by the "tethered tracking" mechanism \[[@CR42], [@CR43]\]. However, a further analysis demonstrated that the previous 46 read value ratios \> 100 were a consequence of high expressed upstream genes (Additional file [4](#MOESM4){ref-type="media"}). In fact, stronger is a promoter (and, hence, more expressed is a genome region), higher is the read value negative gradient by RNA-Seq data near a terminator. On the contrary, we observed that the terminator strength tends to increase as the C/G ratio increases. In Fig. [5](#Fig5){ref-type="fig"}, we showed the boxplots of the predictions read value ratios obtained for various window of the C/G ratio values, where it is possible to notice that the median of distribution tends to slowly increase as the C/G ratio increases (Table [5](#Tab5){ref-type="table"}), despite the highest values were obtained for low C/G ratios (Fig. [5](#Fig5){ref-type="fig"}, and Additional file [3](#MOESM3){ref-type="media"}: Figure S1). All the statistical informations about validated predictions from RNA-Seq data were reported in Table [4](#Tab4){ref-type="table"}. Therefore we could conclude that as the C/G content of the RUT site increases, Rho binding on RNA transcript is more favorable and, consequently, the termination efficiency increases.Fig. 5Boxplot of the predictions read value ratios obtained for various window of the C/G ratio valuesTable 5Statistical informations about validated predictions from RNA-Seq dataC/G \< 1.51.5 \< = C/G \< 22 \< = C/G \< 2.52.5 \< = C/G \< 3C/G \> = 3Number of predictions293012062546737Read value ratios mean13.39.3710.210.5Read value ratios std168.125.79.413.110.5Read value ratios median3.23.33.44.45.2Read value ratios \> 1003313000The number of predictions, the mean, the median and the standard deviation of read value ratios were reported for various window of the predicted RUT site C/G ratio values

Finally, we evaluated the degree of overlap between Rho-dependent and intrinsic terminators by running ARNold tool \[[@CR25], [@CR29]\], that predicts intrinsic terminators, both in the same positive and negative sets of sequences (see Implementation section for details), used to test RhoTermPredict performances, and in the whole genome of *E. coli* K-12. Testing results for ARNold tool in positive and negative sets of sequences were not good (F~1~-score obtained was about 0.1) and we expected this because ARNold tool is not suitable for a Rho-dependent terminators search. Furthermore, we compared the predictions obtained by the two programs in the whole genome of *E. coli* K-12 and we observed that only 23% of ARNold predictions overlapped with a RhoTermPredict prediction. These results demonstrated that the degree of overlap between RhoTermPredict and ARNold predictions is very low and, hence, that intrinsic and Rho-dependent terminations are different mechanisms to terminate the DNA transcription.

Conclusions {#Sec16}
===========

Based on our outcomes, we could conclude that the algorithm RhoTermPredict is specific on searching for Rho-dependent terminators and could be used in combination with an intrinsic terminators prediction tool/program for the prediction of all transcription terminators in a bacterial genome. The action of Rho is largely unknown in most microorganisms; in fact the Rho-dependent transcription termination was studied in a depth and exhaustive way only on *E. coli*, *S. enterica* and *B. subtilis*. For this reason an exhaustive list of putative Rho-dependent terminators, necessary for the creation of the positive set for the validation of the algorithm, is available only for the three previous analyzed genomes and, so, we could not use other genomes. But we could say that RhoTermPredict is certainly performant in *E. coli*, *S. enterica* and *B. subtilis*, and possibly in other genomes where Rho-dependent transcription termination occurs. The code of RhoTermPredict is also available within the Additional file [5](#MOESM5){ref-type="media"} of this study.

Additional files
================

 {#Sec17}

Additional file 1:Coordinates of the Rho-dependent terminators predicted by RhoTermPredict in *E. coli* K-12 whole genome. (XLSX 621 kb) Additional file 2:Informations about whole genome predictions by RhoTermPredict from *E. coli* K-12. (TXT 20868 kb) Additional file 3:**Figure S1.** Correlation analysis between RNAseq read value ratios and C/G content of putative RUT site of validated genome-wide predictions. (DOCX 296 kb) Additional file 4:List of predictions, with relative genes, characterized by read value ratios \> 100. (XLSX 14 kb) Additional file 5:RhoTermPredict algorithm. (PY 15 kb)
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